Introduction
River channel morphology is a result of past and present flow regimes and patterns of sediment supply and of the controls that catchment geology and regional tectonics place on long-profile development. The form of the channel adjusts in response to natural and human-induced changes to the flow regime and/or sediment supply. In many studies of changes in river form or process a single causal agent has been examined. Single causal agents may influence both the flow regime and the sediment supply. For example, forest clearing increases both catchment runoff and sediment supply [Calder and Maidmerit, 1992] , and dam closure modifies the flow regime (by flow regulation and in some cases diversion) and cuts off upstream sediment supply [e.g., Williams and Wolman, 1984] . However, many rivers are responding to multiple changes at any point in time, and complete assessments of river adjustment need to take account of the relative importance of multiple influences on sediment supply and on the flow regime.
Changes to the flow regime and sediment supply may be gradual or sudden and may occur at a point or points in time or space or be continuous along a river length or through a period of time. The temporal and spatial variations in the balance between sediment supply and transport capacity determine the sediment regime of the channel and nature of benthic habitat. Where supply exceeds capacity, deposition occurs and the channel is alluvial. Where capacity exceeds supply, the channel erodes to bedrock or other resistant substrate. By expressing sediment supply as a function of drainage area and sediment transport capacity as a function of drainage area and channel slope, Montgomery et al. [1996] showed that bedrock and alluvial channels of Washington coastal rivers (United States) could be distinguished on an area-slope plot with bedrock reaches having higher slopes than alluvial channels with comparable drainage areas. In the formulation of Montgomery et al. [1996] , bedrock and alluvial channels are separated by a threshold that can be expressed as a critical slope value for a given drainage area and for which sediment supply equals transport capacity.
Sediment transport capacity is a function of discharge and the local energy gradient which can be approximated by the channel slope. Simple representations of river form suggest a monotonic downstream decrease in slope and a uniform increase in discharge with drainage area [e.g., Church, 1996] . Such representations lead to rapid increases in sediment transport capacity with distance from the headwater to a midcatchment maximum, followed by a slower reduction in capacity with distance to the catchment exit [e.g., Lawler, 1992 ; Abernethy and Rutherfurd, 1998 ]. However, analyses of actual rivers suggest this simple pattern seldom occurs [e.g., Knighton, 1999] because of geologic controls on long-profile development, the location of major tributary junctions, and the spatial variability in runoff generation. In many catchments, there are also strong spatial variations in erosion and hence sediment supply. In catchments where the downstream variations in sediment supply and discharge are poorly predicted by drainage area, drainage area and slope alone will be an insufficient basis on which to predict the occurrence of bedrock and alluvial channels.
The two most commonly reported human-induced causes of river adjustment are dam closure and land clearing. Dam closure is a discrete and very obvious event, to which the downstream responses have been widely studied. For example, Williams and Wolman [1984] report on the downstream changes caused by dam closure for 21 alluvial rivers in North America. While bed degradation immediately downstream of a dam is the most obvious initial response, this is only the first stage in channel adjustment to the imposed changes in flow and sediment regime. Petts [1979] describes the potential for bed degradation, bed aggradation, and channel metamorphosis following dam closure. Over a longer period the entire downstream river adjusts its physical and ecological forms and processes [Petts, 1980] . The time lags involved in the downstream channel adjustments, the sequencing of impacts, and the potential for feedback means that river adjustment to dam closure is a complex response. Graf, 1979] . In southeastern Australia the removal of native forest and the disturbance of the catchment by introduced sheep, cattle, and rabbits led to the development of extensive gully networks and the entrenchment of previously discontinuous streams [Eyles, 1977] . These changes that resulted from European settlement around 150 years ago had a greater impact on gully incision than any other change in the last 10,000 years [Prosset and Winchester, 1996] and delivered large volumes of sediment to upland rivers. Significant volumes of sediment have been deposited in the lower reaches of many rivers affected by upstream gully erosion: both gravely sands in the channel itself and finer sediments across the floodplain [Wasson et al., 1998] Here we examine the historical changes to sediment supply and sediment transport capacity in the Coxs River downstream of Lyell Dam. There has been increasing concern about the condition of the river, especially because of widespread sand deposition but also because of prolonged periods of low flow, excessive algal growth, and widespread invasion of the channel by woody weeds. The focus of recent investigations has been on flow regulation and diversions as the prime cause of river degradation; in this paper, however, we consider the relative importance of land degradation, historical climate variations, and dam closure to changes in the sediment supply and sediment transport capacity of the Coxs River.
Study Area
The Coxs River drains a catchmerit area of 2630 km 2 in eastern New South Wales, Australia, and flows into Lake Burragorang, the major Sydney water supply reservoir created by Warragamba Dam on the Nepean River, which has inundated the lowest 20 km of the Coxs River valley (Figure 1) . The upper catchmerit consists of broad, flat, mature valleys that have a general outlet to the Macquarie Basin to the west, while downstream the broad, flat valleys have been trenched by deep, juvenile gorges [Craft, 1928] . The eastern boundary of the catchment is an elevated sandstone block which rises in places to 1100 m above sea level. Between the Jenolan and Kowmung Rivers is the generally level Jenolan Plateau (average elevation •1200 m above sea level) of soft Silurian rocks trenched by deep gorges [Craft, 1928] . The Coxs River itself is underlain by granites.
The Coxs catchment has a cool temperate climate with a mean annual rainfall at Lithgow of 876 mm. Rainfall varies strongly across the catchmerit largely because of the topography. Stations on the eastern catchment boundary have mean annual rainfalls in excess of 1400 mm, while the spatially averaged mean annual rainfall for the entire catchment is 911 mm based on the climate data and interpolation routines of the ANUCLIM software [Hutchinson, 1989] .
The vegetation of the Coxs catchment is dominated by native forest, especially the southern half which is mostly national park. However, extensive areas of native and improved pastures occur in the middle and upper catchment (Figure 1 
Hydrologic Regime
The hydrology of the Coxs River has been altered in historical times in at least three separate ways. First, substantial changes in mean annual rainfall have occurred; second, changes in forest cover have altered the patterns and amounts The parameters of the rainfall models were calibrated using the shuffled complex evolution algorithm of Duan et al. [1992] . The objective function used for the parameter optimization was the coefficient of efficiency of the log-transformed modeled and gauged daily flow duration curves (equation (1)):
where G i are the sorted log-transformed gauged daily flows, 0 is the mean of the log-transformed gauged daily flows, and Mi are the sorted log-transformed modeled daily flows. Muskingum flow routing [Miller and Cunge, 1975] was used between stations, and routing parameters were manually adjusted as they had only minor influence on the model calibration. Model performance was assessed using the coefficient of efficiency of the sorted log-transformed daily flows (the objective function for calibration, (1)), the coefficient of efficiency of the sequential (unsorted) untransformed daily flows, and the modeled:gauged ratio of total flow volumes (Table 1) 
57% (below Lyell Dam) and 16% (at Kelpie Point) (
where the k includes parameters describing hydraulic roughness and the bed sediments (e.g., size and density) and/3 and 3' are empirically derived exponents. Lyell Dam is very difficult to quantify and so has been omitted from the analysis. This simplification will mean that for current conditions the sediment transport capacity in this section of river will be overestimated.
The surveyed cross sections show only a small variation (+_20%) in total channel width (including flood channels and lateral benches) and no downstream trend in channel width. Cross sections have not been surveyed in the lower 50 km of channel, but approximate measurements from l:25,000-scale topographic maps and from aerial video of the entire channel do not reveal any substantial downstream increase in total channel width over the 83 km river section and reveal only minor spatial variation in total channel width. In alluvial rivers, width typically covaries with slope, and the lack of substantial variation in width in the lower Coxs River is attributed to the extent of bedrock and the degree of valley confinement that generally limit channel widening. The small spatial variation in width and relatively weak dependence of sediment transport capacity on width (equation (3)) means treating width as spatially constant is a reasonable simplification to estimating relative changes in sediment transport capacity.
With width and k treated as constant, relative changes in sediment transport capacity will be determined by changes in discharge and slope. Reach-averaged channel slopes were measured from l:25,000-scale maps. Between Lyell Dam and Kelpie Point the river drops by 590 m, and channel slopes range from 0.0016 to 0.1 (Figure 4 ). This sixty-fold variation in slope and the strong dependence of sediment transport capacity on slope mean the downstream patterns in sediment transport capacity are likely to be dominated by slope variations. Daily flows were modeled at Lyell Dam, Island Hill, and Kelpie Point. Incremental increases in drainage area between gauge stations were used to estimate the downstream pattern of daily discharge increase. Daily flows are of a sufficient resolution to distinguish individual rainfall events in this catchment and so are sufficient to capture the differences in both flow magnitude and variability between different climate or reservoir manage- Ganbenang Creek subcatchment where the density of the gully network is 0.56 km km -2. Because extensive forested areas remain, the average density of gully erosion in the Coxs River catchment is low (Table 6) To determine average annual sediment yields, the sediment volumes were averaged over an estimated 140 years of delivery. This delivery period was assumed from the knowledge that gully initiation usually begins soon after forest clearing has become widespread [Eyles, 1977] , that forest clearing in the Coxs River catchment began in the middle of the nineteenth century, and that long-term flood records for farther downstream in the Hawkesbury-Nepean River system indicate that between 1860 and 1900 more floods were experienced than in the 60 years before or after [Hall, 1927; Riley, 1980 
Discussion
In the last 150 years the sediment regime of the Coxs River has changed as a result of forest clearing and consequent gully erosion, historical climate variations, and dam closure. By far the largest relative change in the sediment regime of the Coxs River has been the nearly 20-fold increase in sediment supply due to gully erosion. Spatial patterns in gully erosion across the catchment mean that sediment supply cannot be predicted as a simple function of drainage area. The mid-1940s climate shift is estimated to have increased the sediment transport capacity by a factor of 2.9, while dam closure has only reduced transport capacity by 15% and sediment supply by between 10% and 25 %. Future climate variability is therefore expected to have a greater influence on the sediment regime of the river than any changes to the amounts and patterns of water diversion from the dam. Overall, channel responses will have been dominated by the increase in sediment supply due to gully erosion, rather than the increase in transport capacity due to the mid-1940s climate shift or the relatively minor changes in supply and capacity due to the flow regulation and dam closure.
The actual impact of the changes in sediment supply and transport capacity depends on the relative balance between capacity and supply. The Coxs River is bedrock-dominated but has an alluvial bed in the flatter reaches. The susceptibility of the bedrock reaches to increased supply and/or decreased capacity depends how close they are to the alluvial-bedrock threshold. To compare capacity to supply requires full dimensional evaluation of (3), and as k cannot be measured directly, it must be evaluated by measurements of transport rates. Without transport measurements for the Coxs River an indication of susceptibility was obtained using a value for k derived by Yang [1972] from existing data sets using his unit stream power approach. For (3) in SI units (kilograms, meters, and seconds), the value of k used was 2.5 x 10 4 and indicated that for the long-term average natural transport capacity the increases in sediment supply from gully erosion could have caused as much as half the length of the lower Coxs River to cross the threshold from bedrock to alluvial. Field observations by the authors and aerial video have revealed that sand deposition is widespread along much of the lower Coxs River, including many reaches in the national park and downstream of the Kowmung junction. Many reaches that were previously bedrock are now alluvial. The volume of sand that appears to still be stored in channel deposits suggests that many decades will be required for the channel to fully adjust to the pulse of sediment delivered from gully erosion.
The analyses of supply and capacity changes in the Coxs River demonstrate a simple approach for assessing the likely impacts of land degradation, climate variability, and flow regulation on river channel character. Such analyses can be used to identify the major causes of channel change and to guide remedial actions. In the Coxs River, for example, it is clear that 
Conclusions
Bedrock-controlled rivers seldom have simple concave long profiles, and large variations in channel slope result in large variations in sediment transport capacity with distance downstream. Land degradation, climate variation, and dam closure can influence river sediment regimes, and where land degradation is heterogeneous across a catchment, spatial patterns in sediment supply result. In the Coxs River, Australia, gully erosion in the upper and midcatchment from the middle to late nineteenth century increased sediment supply by varying degrees along the river, on average, by a factor of 20. A climate shift in the mid 1940s led to an almost threefold increase in sediment transport capacity. Subsequent closure of Lyell Dam in the early 1980s caused a 15% reduction in sediment transport capacity and reduced sediment supply to the lower river by as much as 25%. Dam closure, the most recent and most publicly obvious change, has had only minor relatively impacts on the sediment regime of the river. Many reaches of the Coxs River that were previously bedrock-dominated are now alluvial, primarily as a result of the large increase in sediment supply from catchment gully erosion. Future climate variations and reductions in gully-derived sediment loads are more likely to affect the sediment regime of the Coxs River than changes to the levels of abstraction from Lyell Dam. This study of the Coxs River highlights the need to assess the relative importance of a range of natural and anthropogenic influences on river sediment regimes as a guide to effective rehabilitation.
